O ptical frequency conversion, commonly realized using nonlinear optical crystals, is the essence of multiple modern applications in biological science, photonics, and quantum optics. In particular, second harmonic generation (SHG) is of considerable importance in high-resolution bioimaging, 1 whereas spontaneous parametric down-conversion 2,3 and four-wave mixing 4, 5 are the cornerstones of quantum technologies for entangled photon pairs and multiphoton generation. However, conventional methods for frequency conversion rely on the use of nonlinear crystals and therefore suffer from bulky sizes and complex phase-matching conditions. Nonlinear metasurfaces, 6, 7 consisting of metallic or dielectric nanostructures, 8 have become a rapidly growing research topic due to their capabilities of engineering nonlinear optical processes, such as localized phase control for higherharmonic generation, 9 as well as for their compact size. The associated local nonlinear optical response can be increased by orders of magnitude through a strong field enhancement associated with surface plasmon resonances. 10, 11 Moreover, the requirement of phase-matching is totally relaxed due to the ultrathin thicknesses of metasurface-based devices. Enhanced frequency conversion efficiency, locally engineered polarization, and phase manipulation, as well as their miniature size, make nonlinear metasurfaces highly desirable for the realization of high-dimensional quantum entanglement generation that could largely expand the capabilities of current quantum systems. 12−14 Recently, efficient nonlinear effects have been observed in a variety of nonlinear metasurface nanostructures, such as noncentrosymmetric plasmonic nanostructures, metasurfaces supporting multiresonant wavelengths, or those based on dispersive meta-atoms and providing subwavelength phase engineering. 15−17 Hybrid nonlinear metasurfaces, where a nonlinear photonic material is incorporated in the near-field of an optical nanostructure, provide a way to significantly boost nonlinear photonic effects at the nanoscale. 18−23 In previous studies, enhanced SHG has been observed in Au/BaTiO 3 core−shell nanocrystals, 24 Au/KNbO 3 hybrid nanowires, 25 ZnO nanowires on plasmonic nanostructures, 26 molecular material-based hybrid light−matter states, 27 etc. However, several challenges prevent on-chip integration of such hybrid nonlinear metasurfaces with standard CMOS fabrication technologies, which are important for Pockels effect-based electro-optical modulators and on-chip second harmonic generation applications. First, conventional ferroelectric materials such as BaTiO 3 , LiNbO 3 , and PbTiO 3 are not CMOS-compatible. Second, perovskite-type ferroelectric thin films (BaTiO 3 , LiNbO 3 , PbTiO 3 ) show significantly decreased polarization and Curie temperature for thicknesses below 10 nm 28 when deposited on silicon, limiting the scaling of hybrid nonlinear metasurfaces to smaller footprints. Third, a large optical band gap and a wide operation wavelength range are desired for SHG nonlinear photonic materials, which is around 1.4−4 eV for materials such as GaAs, ZnO, LiNbO 3 , and BaTiO 3 . Therefore, a CMOS-compatible, scalable, and UVtransparent ferroelectric nonlinear photonic material is highly desirable.
Recently, ferroelectric HfO 2 thin films have attracted a lot of research interest. 29−31 Although HfO 2 is conventionally a nonferroelectric material in its monoclinic phase, by forming an orthorhombic phase with the noncentrosymmetric Pca2 1 space group structure, room temperature ferroelectric properties can be obtained in sub-20 nm rare-earth-doped HfO 2 thin films, which is critical for a sizable second-order susceptibility (see Supporting Information Figure S1 ). As a widely applied high-K oxide for gate dielectrics of metal−oxide−semiconductor field-effect transistors (MOSFETs), this material is compatible with CMOS technologies. Remarkably, its room temperature ferroelectric properties can be maintained down to a film thickness of 3−5 nm, with a remanent polarization similar to that of thicker films. 32, 33 Moreover, HfO 2 shows a wide band gap up to 5 eV, which can be further widened with doping. 34 These properties have ignited great research interest toward microelectronic applications, such as sub-20 nm ferroelectric memories and negative capacitance field-effect transistors. 35 However, to the best of our knowledge, there has been no report so far on using such materials for nanophotonic applications. Here, we demonstrate an on-chip hybrid nonlinear metasurface for second harmonic generation using nanometer thick ferroelectric yttrium-doped HfO 2 thin films. The optical constant characterization indicates a band gap of 4.9 eV for these films. By incorporating a 20 nm thick noncentrosymmetric ferroelectric Y:HfO 2 thin film in a plasmonic metasurface nanocavity, we observe a 20-fold enhancement in terms of the SHG signal compared to its bare counterpart when pumped at a wavelength of 800 nm. Moreover, a 3-fold SHG enhancement is observed in hybrid metasurfaces compared to a control device using nonferroelectric HfO 2 with almost identical linear optical properties, which confirms the major contribution of SHG from ferroelectric Y:HfO 2 . We have also demonstrated a good scalability in the realization of Y:HfO 2 films, that is, down to a thickness of 14 nm. We have observed an effective quadratic coefficient for polycrystalline Y:HfO 2 thin films of χ (2) = 6.0 ± 0.5 pm/V, which is comparable to that of 5% MgO:LiNbO 3 epitaxial thin films (9.4 pm/V) 36 and UV-transparent materials such as BaB 2 O 4 (4.4 pm/V). 37 These findings demonstrate the potential of using ferroelectric HfO 2 for on-chip nonlinear photonic devices and provide a general way of designing on-chip hybrid nonlinear metasurfaces with pronounced SHG for bioimaging, entangled photon generation, and holography applications.
RESULTS AND DISCUSSION
Device Layout and Operation Principles. As shown in Figure 1a , the device consists of a bottom TiN electrode (which also serves as a refractory plasmonic material 38 ), a ferroelectric Hf 0.95 Y 0.05 O 2 (Y:HfO 2 ) thin film (10−20 nm), and a top Au plasmonic grating connected to a Au pad area, which is designed to apply a poling voltage across the Y:HfO 2 film.
The ferroelectric properties of the Y:HfO 2 thin films are demonstrated using piezoelectric force microscopy (PFM) phase images as well as ferroelectric hysteresis loops, by directly probing on the Au pad (see Supporting Information Figure S2 ). The Y:HfO 2 layer is thin enough to support a waveguide-cavity mode 39 between the Au grating and the TiN layer. Figure 1b shows the optical microscope image of the fabricated devices with a fixed period of 240 nm and different Au grating widths ranging from 50 to 125 nm, as labeled below the devices. The inset shows a zoomed-in scanning electronic microscope (SEM) image of the 50 nm wide gold grating structure. When p-polarized light (polarization direction perpendicular to the Au grating) is incident on the metasurface under the conditions of arg(R) + k 0 wn e = mπ (where R is the reflection coefficient of the mode, k 0 is the free-space wave vector, w is the width of the grating, m is an integer, and n e is the effective index of the mode), the waveguide-cavity mode 40 is excited with a strong field localization in the ferroelectric Y:HfO 2 thin film nanocavity. Such a waveguide-cavity mode is shown in Figure 1c as the numerically simulated electric field enhancement |E| 2 at the fundamental frequency (FF) in the device cross section (note that only one periodic unit of the grating is shown in the simulations). Strong localization of the electric field is observed at both bottom corners of the gold stripes and at the interface between the gold grating structure and the Y:HfO 2 layer, which leads to an enhancement of the field intensity up to 2 orders of magnitude at the fundamental wavelength. Notice that the electric field directions in the top gold stripes and bottom TiN thin film are along opposite directions. Such a circular electric field distribution induces a ycomponent magnetic field, as shown in Figure 1d . The electric field and magnetic field distributions match with the waveguide-cavity mode characteristics.
Linear Optical Properties. The optical constants of ferroelectric Y:HfO 2 thin films have been characterized by ellipsometry (see Methods). For comparison, a 20 nm thick paraelectric HfO 2 thin film in its centrosymmetric monoclinic phase with no Y doping is also characterized, as shown in Figure 2a . First, it can be noticed that both materials show absorption edges in the ultraviolet range. Using the Tauc-plot method, 41 the optical band gaps of ferroelectric Y:HfO 2 and nonferroelectric HfO 2 are estimated to be 4.9 and 4.8 eV, respectively (Supporting Information Figure S3 ), which are much wider than those of LiNbO 3 and BaTiO 3 (both ∼3.7 eV 42, 43 ). The refractive indices of both thin films are around 2.0 in the visible to near-infrared wavelength range. The slight difference between the two samples possibly originates from their different crystal structures. Using the measured optical constants, reflection spectra of both samples are simulated under normal incidence conditions, as shown in Figure 2b . The Au grating period of 240 nm and width of 50 nm are designed such that the resonant wavelength is around 800 nm. Similar reflection spectra are observed for both samples, with only a small blue shift of the nonferroelectric sample due to a slightly lower refractive index for nonferroelectric HfO 2 as shown in Figure 2a . The measured reflection spectra for both samples agree well with the simulation results (see Figure 2c ). Nonetheless, a higher reflectance is observed in the experiments, which is possibly due to imperfect device dimensions and surface roughness. For SHG characterizations, the incoming light is incident at an angle of 45°, and therefore, the simulated reflectance spectra for different incident angles are also shown in Figure 2d . The excitation wavelength of the waveguide-cavity mode is almost independent of the incident angle. The field enhancement factor F = |E| 2 /|E 0 | 2 for both samples is further simulated at a 45°angle of incidence, leading to a peak F value of about 200 for both ferroelectric and nonferroelectric samples. From the above analysis, the linear optical properties of our ferroelectric and nonferroelectric devices are comparable, leading to an excited cavity mode with similar field enhancement factors at the pump wavelength.
Second Harmonic Generation from Ferroelectric HfO 2 Metasurfaces. The setup for SHG characterization is shown in Figure 3a . A Ti:sapphire laser with a pump wavelength of 760−840 nm, incident power of 10.0−15.4 mW, and incident angle of 45°is used for SHG characterization (see Methods). In order to avoid the exchange of samples and the consequent intensity measurement errors, both samples are placed side-by-side under the same field of view of the microscope, as shown in Figure 3b . The poling process for the ferroelectric samples is detailed in the Methods. Figure 3c shows the SHG spectra of the nonferroelectric and ferroelectric metasurface with p-polarized incident light normalized to the incident optical power E 0 2 . Compared to the nonferroelectric sample, a 3 times higher peak SHG signal is observed in the ferroelectric metasurface. By integrating the peak area, a 3.3-fold SHG intensity enhancement is demonstrated from the ferroelectric sample with respect to the nonferroelectric one. Compared to the bare ferroelectric HfO 2 thin film on TiN, the SHG signal from the ferroelectric metasurface is about 20 time higher (see Supporting Information Figure S5 ). The SHG power dependence of both samples is shown in Figure 3d . A nearly quadratic relationship between the incident and emission power is observed for both samples with slopes of 1.9 ± 0.1 and 1.8 ± 0.1, respectively, confirming the SHG origin of the signals. The mapping area is 50 × 50 μm 2 . For s-polarized incident light, a mode. A full area mapping of SHG intensity for all devices has also been carried out, including 11 metasurface structures with different Au grating widths, ranging from 50 to 125 nm (Supporting Information Figure S4 ). The maximum SHG peak has been observed for the 50 nm grating structure with 800 nm incident light, which is in good agreement with the linear optical response shown in Figure 2b . For devices with larger grating widths, the position of the maximum SHG signal redshifts to longer wavelengths. Therefore, for the characterization which follows, we focus on the 50 nm grating structure.
Further, Figure 4 shows the polarization dependence of the SHG intensity for both the ferroelectric and nonferroelectric samples, where θ is the polarization angle of the incident light in the sample coordinates, as shown in the figure. Figure 4a ,b depicts the SHG signals recorded from the gold pad and the grating area of the ferroelectric sample, respectively. From Figure 4a , it can be seen that the intensity of SHG reaches a maximum when the polarization is near 0 or 180°, whereas it decreases to a minimum near 90 or 270°; this is due to the surface SHG susceptibility χ zzz (2) (Au) of the gold film under ppolarized incident light. 44 The SHG signal from the gold pad and the signal recorded from the gratings have the same polarization dependence, as shown in Figure 4b . This is due to the excitation of the waveguide-cavity mode by the p-polarized light. Therefore, a cos 2 θ function can be used to fit both spectra, as indicated by the red curves in both figures, demonstrating good agreement with the experimental data. Finally, we characterized the wavelength dependence of the device SHG spectra. The SHG intensities are normalized to the incident light intensity |E| 2 at each wavelength. The SHG intensities in Figure 5a ,b show that the maximum SHG is observed at around 400 nm when pumped at 800 nm for both samples. This is consistent with the reflectance spectra presented in Figure 2b ,c, indicating again that both samples show resonances at almost the same wavelength. To make the comparison clearer, the wavelength-dependent SHG peak intensity for both samples is plotted in Figure 5c . It shows that the SHG intensity from the ferroelectric sample is about 3 times higher than that from the nonferroelectric sample for all wavelengths. We also measured the wavelength-dependent SHG intensity of a ferroelectric device before poling (data not shown). The SHG intensity is only slightly lower (∼10%) compared to the poled device on the same Y:HfO 2 sample. This is possibly due to the polycrystalline nature of the Y:HfO 2 thin film, which shows domain sizes of 20−50 nm, comparable to the field enhancement region size in Figure 1c . This result is also consistent with previous studies on randomly oriented nonlinear crystals. 45−47 To estimate the second-order nonlinear optical susceptibility of ferroelectric Y:HfO 2 thin films, numerical simulations using a finite element method (COMSOL Multiphysics) are used to calculate the SHG spectrum. The whole simulation can be divided into three steps. First, the electric field distributions are simulated at the fundamental frequency. Then, the fundamental electric field is used to calculate the nonlinear polarization 
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Article DOI: 10.1021/acsnano.8b06308 ACS Nano 2019, 13, 1213−1222 in both the Au structure and HfO 2 film. Finally, the nonlinear polarization is defined as a source of second harmonic to calculate the generated emission in the far field. For the Au structure, only the surface χ (2) coefficient (χ zzz (2) (Au)) is contributing to the SHG. 37 Here, a classical model combined with Maxwell's equation is used to simulate the SHG of gold. 48, 49 The nonlinear polarization of the Y:HfO 2 film is computed by assuming an effective χ eff (2) coefficient (see Supplementary Note 1). SHG from TiN is ignored due to its much smaller χ (2) coefficient compared to Au 50 as well as the much lower electric field intensity in TiN, as shown in Figure 1c . To obtain an accurate device profile, the sample morphology is measured by atomic force microscopy (AFM) (see Supporting Information Figure S6 ). The Au grating shows rounded corners with a film thickness of 38−44 nm, which are taken into consideration in the model. The simulated SHG spectrum shows a peak at around 800 nm (see Figure 6a ), corresponding to the excitation of the waveguide-cavity mode. The peak SHG intensity is almost linearly proportional to the χ eff (2) coefficient of Y:HfO 2 . A good match between the experiments and the simulation can be observed when χ eff (2) is equal to 6.0 pm/V (see Figure 6b ). Considering the variation of the Au film thicknesses, the simulated χ eff (2) is 6.0 ± 0.5 pm/V (see Supplementary Note 1). Using these parameters, the linear and nonlinear response of the device can be evaluated in the full parameter space. Figure 6c,d shows the simulations of the reflectance and SHG intensity of the device as a function of the incident wavelength and angles, respectively. From Figure  6c , we observe that the waveguide-cavity mode, for wavelengths around 800 nm, can be excited under a wide range of angles. However, the SHG intensity shows a stronger dependence on the incident angles. Simple numerical simulations have suggested that the reason for the strong angular dependence of SHG must be sought in the correlation between the incident angle and the field distribution in the Y:HfO 2 layer (and, in particular, near the interface with gold). A maximum SHG intensity can be observed at around 65°, which is 31.7% higher compared to the case of 45°, as presented in Figure 6b .
In this work, we report second harmonic generation in ferroelectric HfO 2 -based metasurfaces. The possibility of scaling ferroelectric Y:HfO 2 to 20 nm or a thinner thickness is crucial for the enhancement of SHG in such hybrid metasurfaces. To demonstrate this, numerical simulations have been performed by varying the HfO 2 thicknesses and χ eff (2) values with the same Au grating period and device structure, as shown in the Supporting Information Figure S7 . The fundamental frequency gradually blue-shifts with increasing film thickness, which is consistent with the waveguide-cavity mode of the device. A higher-order mode at the SHG frequency can also be excited when the HfO 2 thickness is larger than 30 nm. More importantly, the SHG intensity is much less influenced by the thickness of the nonlinear HfO 2 film with increasing thickness, due to a much lower field intensity in HfO 2 for thicker devices. This is consistent with previous reports of SHG in plasmonic antenna coupled hybrid nonlinear photonic devices. 51, 52 However, when reducing the film thickness, the field intensity quickly increases in the thin film, leading to a significant contribution of SHG from the nonlinear medium. 19 It should be noted that, in the reported device, the thickness of the ferroelectric Y:HfO 2 thin film is 24 nm. It is possible to scale this thickness further down to 10 nm or lower in the current device structure, which may yield even stronger field enhancement and higher SHG. This is demonstrated in another sample featuring a 14 nm Y:HfO 2 film thickness, as shown in Supporting Information Figure S8 . Despite a spectrum red shift to 850 nm, a twice higher value of SHG is observed in this sample as compared to the 24 nm Y:HfO 2 thick film, demonstrating the potential of realizing even stronger nonlinear light sources at the nanoscale. (Due to a much weaker incident light signal at longer wavelengths, in the manuscript we focused the characterization on the 24 nm sample.) As proved by additional simulations (not reported here), further decreasing the Y:HfO 2 film thickness down to 5 nm can enhance the SHG intensity by an order of magnitude. Indeed, ferroelectricity has been reported in a 3 nm thick HfO 2 thin film on silicon, 32 which ensures further decreasing of the film thickness and enhancing of the SHG efficiency, toward a large-scale CMOS integration of nonlinear photonic light sources.
It is worth comparing the nonlinear optical coefficient of Y:HfO 2 with other ferroelectric oxides. 5% MgO-doped lithium niobate (MgO:LN) and barium titanate (BTO) show χ (2) values of 9.4 and 5.5−14.4 pm/V, respectively. 36, 53 On the other hand, a wide band gap nonlinear photonic material such as BaB 2 O 4 (BBO, E g = 6.0 eV) has a χ (2) value of 4.4 pm/V. Therefore, Y:HfO 2 shows a χ eff (2) value similar to that of these materials. However, in this work, we assumed that Y:HfO 2 is polycrystalline with no preferential orientation, as is clear from X-ray diffraction (XRD) characterization. Growing epitaxial Y:HfO 2 thin films may further improve its nonlinear optical properties along certain crystalline orientations. 54 Characterization of other ferroelectric HfO 2 thin films such as Si:HfO 2 or Zr:HfO 2 may also reveal higher χ eff (2) values. Another advantage of ferroelectric HfO 2 is its 3D integration capability. Using atomic layer deposition (ALD), it is possible to fill deep trenches with ferroelectric HfO 2 , therefore enabling the realization of 3D nonlinear photonic devices. 55 These advantages make ferroelectric HfO 2 highly versatile and attractive for different kinds of nonlinear optical metasurface nanostructures.
CONCLUSIONS
In summary, strong second harmonic generation is reported in ferroelectric Y:HfO 2 -based hybrid nonlinear optical metasurfaces. A 3-fold enhancement of SHG at an incident wavelength of 800 nm is observed in ferroelectric Y:HfO 2 compared to nonferroelectric HfO 2 -based devices, indicating a significant contribution of SHG from the noncentrosymmetric Y:HfO 2 material. By further scaling Y:HfO 2 down to 14 nm, an additional 2-fold enhancement for SHG is observed in such devices. An optical band gap of 4.9 eV is measured in ferroelectric Y:HfO 2 . An effective second-order susceptibility χ eff
(2) value of 6.0 ± 0.5 pm/V is estimated in the Y:HfO 2 thin films. The wide optical band gap, ultrathin film thickness, and CMOS compatibility make ferroelectric HfO 2 an attractive candidate to significantly boost the optical nonlinearity in a variety of nanophotonic devices. by PLD from a HfO 2 ceramic target (Alfa Aesar, purity 99.99%) and a Y 2 O 3 ceramic target (Alfa Aesar, purity 99.99%), with a target− substrate distance of 5.5 cm, a fluence of 2 J/cm 2 , and a pulse rate of 5 Hz for the HfO 2 target and 2 Hz for the Y 2 O 3 target. The vacuum chamber was pumped down to a base pressure of 2 × 10 −5 Pa. During deposition, the O 2 flux was fixed at 10 sccm, and the chamber pressure was maintained at pO 2 = 1 Pa. After the deposition of the Y:HfO 2 films, a 30 nm thick TiN top electrode layer was deposited in situ by PLD at 200°C. Crystallization of the as-deposited amorphous Y:HfO 2 thin films was carried out by means of an ex situ rapid thermal annealing process. The ramp rate was 20°C/s, up to 600°C for 1 min before being cooled. Then, the top TiN layer was etched via a H 2 O 2 solution (Alfa Aesar, purity 29−32%) at 70°C. More details about the fabrication process can be found in our previous work. 14 Metasurface Fabrication. The Au metasurface structures were fabricated by electron beam lithography (EBL, Raith 150-TWO). First, poly(methyl methacrylate) resist was spin-coated on the Y:HfO 2 film with a spin speed of 4000 rpm and baked for 5 min at 180°C on a hot plate. Then, the metasurface structure was patterned by EBL using an accelerating voltage of 30 kV and an average dose of 270 μC/ cm 2 . After exposure, the samples were developed in a mixed solution of 3:1 isopropyl alcohol (IPA)/methyl isobutyl ketone for 1 min and rinsed in deionized water for 1 min. After that, a bilayer of 5 nm Ti and 30 nm Au was deposited by way of an electron beam evaporator (Kurt J. Lesker, Lab-line) at room temperature. Finally, the samples were lifted off in an acetone solution with ultrasonic cleaning and rinsed in IPA.
METHODS
Electrical and Optical Measurement. The crystal structure of the Y:HfO 2 films was analyzed using an X-ray diffractometer (XRD-7000, SHIMADZU) in a ω−2θ scan with a scanning rate of 0.5°/min. The samples for cross-sectional scanning transmission electron microscopy investigation were prepared by a dual beam focused ion beam system (Quanta 3D, FEG). PFM and AFM measurements were done on a Cypher ES Environmental AFM system. For the polarization−electric field hysterisis loop measurements, triangular positive or negative pulses were supplied by a pulse generator unit (4220-PGU, Keithley) with a pulse period of 500 μs and a pulse amplitude of 6 V. The switching current was monitored by using a remote amplifier/switch (4225-RPM, Keithley). The dielectric constant−electric field (ε r −E) characteristics were measured using a semiconductor device analyzer (B1500A, Agilent, at the AC bias frequency of 50 kHz and amplitude of 30 mV).
For the nonlinear optical measurements, a high repetition rate (82 MHz) femtosecond laser (MaiTai, NewPort-Spectra Physics, 720− 990 nm, 120 fs) was used as a pump. 57 The SHG mappings were obtained by raster scanning the SHG signal at half the wavelength of the pump at a given polarization. The polarization of the input laser was changed by using a half-wave plate, whereas the power was controlled with a combination of half-wave plate and Glan-prism polarizer. A color filter BG39 (Schott glass) and photomultiplier tube were employed to investigate the SHG polarization dependence at 800 nm excitation wavelength, which was detected with high spectral resolution via a SpectraPro spectrometer and a liquid nitrogen cooled charge-coupled device detector (Princeton Instruments).
Numerical Simulation. A finite element method was used to simulate the reflectance spectra and near-field modal profiles with a commercial software (COMSOL Multiphysics). A two-dimensional (2D) model of the wave optics module was used to simulate the periodic grating structure. Both the linear and nonlinear processes were calculated in one model. The permittivity of Au used in the experimental data was taken from ref 56, whereas that for TiN was fitted using the Drude-Lorentz dispersion model. 56 The optical constants of ferroelectric Y:HfO 2 and nonferroelectric HfO 2 thin films were measured using a J.A. Woollam RC2 ellipsometer with an incident angle of 60°and a wavelength range of 245−1680 nm. The linear optical response was simulated using a port boundary condition with perfect matched layers on the top and bottom boundaries of the metasurface, whereas periodic boundary conditions were used along the x direction. The period was set to 240 nm.
For SHG simulations, the field distributions at the fundamental frequency under a plane wave excitation were first simulated. Then, the fundamental field was used to calculate the nonlinear polarization, which in turn was used as the source to simulate the propagation of the second harmonic. For Au, a classical electrodynamic model was used to describe the nonlinear conversion (see Supplementary Note 1 for details). A weak contribution term was used to simulate the second harmonic generation, as indicated in eq 6 of Supplementary Note 1. The nonlinear polarization for ferroelectric Y:HfO 2 was defined as P z (2ω) = ε 0 χ eff (2) E z 2 (ω), and the nonlinear equivalent current source was calculated by means of J(r,2ω) = ∂P(r,2ω)/∂t. The farfield second harmonic power was calculated by integrating the intensity flowing through the COMSOL simulation port.
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